Introduction In-hospital biliary complications (BCs) after liver transplantation (LT) are reported in up to 20 % of patients and contribute to poor outcomes and increased costs. Existing single-center outcome and cost analyses studies are limited in scope. Methods This is a cross-sectional analysis of national data involving 7,967 patients transplanted between 2011 and 2012 with the primary aim of determining the association between BCs and clinical outcomes and costs. Age, race, diagnosis, and severity of illness are associated with the development of BCs. Results BCs develop in 14.6 % of LT recipients and have substantial implications for perioperative outcomes, including length of hospital and ICU stay (27.9 vs 19.6 mean days, p<0.001 and 12.0 vs 8.3 mean days, p<0.001, respectively), in-hospital morbidity (39 vs 27 %, p<0.001), 30-day readmissions (14.8 vs 11.2 %, p<0.001), and in-hospital mortality (5.8 vs 4.0 %, p<0.001). BCs contributed to a mean increase in in-hospital costs of $36,212 (p<0.001), due to increases in accommodations ($9,539, p<0.001), surgical services ($3,988, p<0.001), and pharmacy services ($8,445, p<0.001). Discussion BCs are a predominant etiology for in-hospital morbidity and mortality, while contributing significantly to the high cost of LT. Efforts should be focused on understanding salient and modifiable risk factors, while developing innovative strategies to reduce BCs.
Introduction
The etiology of biliary complications (BCs) after liver transplantation (LT) is multifactorial and is due, in part, to a vulnerable bile duct blood supply and is a major source of morbidity. They have been reported to occur in up to 20 % of LT recipients, [1] [2] [3] [4] [5] and ischemic-type biliary lesions are the third most common reason for retransplantation. 1, 2 Risk factors include donor age, prolonged ischemia time, use of marginal grafts, donation after cardiac death (DCD) donors, macrovesicular steatosis, hepatic artery thrombosis, ABO blood type incompatibility, cytomegalovirus infection, recurrence of primary disease, partial LTs, Child-Pugh score, and the method of biliary reconstruction. [6] [7] [8] [9] [10] [11] LT is the definitive therapy for end-stage liver diseases and acute liver failure. LT is also one of the most expensive and complex medical procedures available worldwide. 12 Due to the increasing costs, significant pressure has been applied by both private and public health care payers to justify the continued widespread availability of LT. 13 The most effective way to provide such justification is to show that the cost-outcome relationship in LT is being optimized. In the current financial and regulatory climate, it is imperative that clinical outcomes after LT improve while costs associated with the procedure decrease. BCs have been demonstrated to cause prolonged hospital stays, long-term complications, inferior quality of life, increased costs, and exacerbation of the donor organ shortage. 4, 14 Although much is known about the risks and outcomes associated with BCs, there is a paucity of large-scale studies analyzing the costs, resource utilization, and clinical outcomes of LT recipients that develop these complications. Understanding these clinical and economic implications is important to provide justification for structured programs to minimize the incidence and severity of this common complication. The objective of this study is to compare the in-hospital clinical outcomes and costs of LT recipients that developed BCs versus those without such complications, with projection analyses to determine the impact of reducing the incidence of such complications.
Methods

Study Design
This analysis of US national data was approved by the institutional review board (IRB) in order to determine the association between BCs and outcomes in LT. A database was developed by combining various components of 2011 to 2012 aggregate variables downloaded and integrated from several datasets contained within one primary data source (www.uhc.edu). The University HealthSystem Consortium (UHC) is an alliance of 416 academic medical centers and affiliates in the USA which contains detailed perioperative clinical data that is gathered, aggregated at the hospital level, and available for download by affiliate members. Specific information available from UHC includes mean and variance data on patient sociodemographics, acuity of illness, admission diagnoses and procedures, hospital and intensive care unit (ICU) lengths of stay, in-hospital complications, mortality, readmissions, and direct and total costs.
Patients
All adult LT recipients (>18 years of age) who received a transplant within a UHC-affiliated center in 2011 and 2012 were included. Seventy out of 130 (54 %) transplant programs that performed adult LTs during 2011-2012 were documented as members of UHC. These centers performed nearly two thirds of all adult LTs during this timeframe (7,967 of 12,631, 63 %). Patients that received transplants from non-UHC-affiliated centers were excluded from this analysis.
Study Objectives
The primary aim of this study was to determine the association between BCs and perioperative clinical outcomes and costs. The outcomes of interest included observed and expected hospital length of stay (LOS), ICU LOS, in-hospital nonbiliary complications, in-hospital mortality (observed and expected), blood transfusions, and readmissions. Cost outcomes analyses included the mean difference in overall costs, direct costs, and service specific costs between patients with and without BCs. Service specific costs were delineated into service groups, which included accommodations (daily costs for room), ancillary services, cardiac diagnostic services, other diagnostic imaging (ultrasound, X-ray, radiology, percutaneous transhepatic cholangiography, endoscopic retrograde cholangiopancreatography, etc.), laboratory/pathology/blood bank (including biopsy and transfusion costs), other diagnostic services, surgical services (operating room costs), organ procurement services (pass through costs from the organ procurement organization and Medicare Cost Report), pharmacy services (medications), and miscellaneous.
Study Definitions
Perioperative quality measure definitions included mean LOS and ICU LOS, defined as mean days in the hospital and ICU following the transplant surgical event. In-hospital complications were a composite definition of the mean percentage of in-hospital complications occurring in patients undergoing LT. These complications were determined through international statistical classification of diseases and related health problems (ICD-9) coding and included the following: reopening the surgical site, pneumonia, sepsis, UTI, stroke, acute myocardial infarction, shock, gastrointestinal (GI) hemorrhage, and wound infection. BCs were determined by using diagnostic coding and included the following ICD-9 codes: 576.1, 576.2, 576.3, 576.4, 576.8, and 576.9 (cholangitis, obstruction, perforation, fistula, biliary tract disorder not elsewhere classified (NEC), and biliary tract disorder not otherwise specified (NOS)). Readmissions were defined as the percent of LT recipients readmitted to the index hospital within 7, 14, and 30 days following discharge. All events, other than readmissions, were only included if they occurred during the hospitalization. Due to limitations of UHC data reporting, post-discharge events (other than readmissions) were not captured within this analysis. Expected LOS, cost, and mortality were also calculated and compared across groups. These riskadjustment equations were derived from binary logistic regression analyses conducted by UHC on patient-level data and reported as aggregate data for each transplant center. UHC utilizes the diagnosis-specific APR-DRG-based analyses developed by 3M Health Information Systems (Murray, UT). This system is employed to determine severity of illness at admission and utilized to estimate expected LOS, expected costs, and expected mortality. These expected data are compared to observed data to determine indexes for each of these three outcomes.
Costs were determined using a standardized cost definition used by UHC to uniformly compare hospital reported costs across a similar platform. UHC calculates costs by gathering the total charges for each inpatient discharge based on administrative claims submissions. This data is then divided into line item charges grouped by revenue codes and multiplying this value by the ratio of costs to charges (RCCs) that are reported by each hospital through their Medicare Cost Report. These costs are then adjusted by an area wage index applied to the labor portion of cost, which allows comparison of hospitals across various geographic areas of the USA. Direct costs are calculated from adjusted RCCs by removing costs associated with departments classified as overhead (environmental services, utilities, etc.).
Statistical Analysis Plan
For statistical comparisons, patients that developed inhospital BCs following LT were grouped and aggregate data was compared with control group aggregate data, defined as patients undergoing LT and not developing in-hospital BCs. Comparisons were made between these two cohorts for baseline sociodemographics, perioperative clinical outcomes, and in-hospital direct, total, and categorical cost differences. Using projection analysis, the impact of reducing BCs by 20 % was estimated for both clinical and cost outcomes. These projections assumed BCs rates were similar between UHC and non-UHC transplant centers. For categorical data, statistical comparisons were made using the Pearson's chi square test, with continuous variables being compared using the Student's t test for normally distributed data and the Mann-Whitney U test for nonparametric data. Normal distribution was determined using Levene's test for equality of variances. Data was exported from UHC into MS Excel 2010 (Microsoft Corp, Seattle, WA) and statistical analyses were conducted using SPSS version 20.0 (IBM Corp, Armonk, NY).
Results
Baseline patient characteristics
A total of 7,967 adult LT recipients from calendar years 2011 and 2012 were included in this analysis. These LTs occurred within 70 transplant programs, all members of UHC. This cohort represents 54 % of all adult LT programs within the USA and 63 % of all adult LTs that were performed during this 2-year timeframe (7,967 of 12,631). Of these 7,967 LTs, 1,160 (14·6 %) developed in-hospital BCs per diagnostic coding. The types of BCs included cholangitis (47 %), obstruction (23 %), NEC (29 %), perforation (0.2 %), fistula (0.2 %), and NOS (0.2 %). Baseline characteristic comparisons between the BCs and control cohorts are displayed in Table 1 . Patients that developed a post-LT BCs tended to be younger in age (p<0.001), and African-Americans were at a 27 % higher risk of developing BCs (p=0.01). Additional baseline differences between cohorts included primary diagnosis, with BC patients more likely to carry a diagnosis of fulminant hepatic failure, autoimmune hepatitis, or biliary cirrhosis. Patients that were assessed to have major or extreme severity of illness, based on APR-DRG indexing, were 19 % more likely to develop a post-LT BCs (p<0.001). Gender, type of primary insurance, and comorbidities did not appear to influence the incidence of BCs.
Perioperative Clinical Outcomes Based on the Development of BCs Development of in-hospital BCs had a substantial impact on the majority of measured perioperative outcomes measured (Table 2 ). In-hospital mortality was 50 % higher in patients with BCs (5.8 vs. 4 %, p<0.001), while 30-day readmissions were 36 % more frequent (15 vs. 11 %, p<0.001). Finally, patients with post-LT BCs had a 29 % higher mortality index as compared to the non-BC cohort (1.12 vs. 0.87, p<0.001). The observed mean hospital LOS was 8.3 days longer and the mean ICU LOS was 3.7 days longer in LT recipients that developed BCs (p<0.001). This translated into a 31 % higher LOS index for the BCs cohort (p<0.001). Patients that developed BCs also had a 31 % increased risk of developing inhospital non-biliary complications, which was predominantly driven by reoperation and infections. Although blood product transfusion rates were similar, the BCs cohort received more total transfusions, as evidenced by the higher number of mean days a patient required transfusion services (6.7 vs. 4.9 days, p<0.001).
In addition, patients that developed BCs were significantly more likely to have in-hospital endoscopic retrograde cholangiopancreatography (ERCP, 6 vs. 1 %, p<0.001), cholangiography (16 vs. 9 %, p < 0.001), and percutaneous transhepatic cholangiography (PTC 5 vs 2 %, p<0.001).
Costs Associated with the Development of BCs Figure 1 displays the differences between the BCs and control cohort in the overall costs, observed direct costs, and expected direct costs. Patients that developed BCs had over $36,000 in increased overall in-hospital costs (mean difference $36,212, 95 % CI $29,349-43,075, p<0.001). Differences in observed in-hospital direct costs (excluding hospital overhead) were also significant ($24,900, 95 % CI $19,923-29,877, p<0.001), leading to an 11 % increase in the direct cost index for patients that developed BCs (see right side of Fig. 1, p<0.001) .
To improve the contributing factors associated with higher costs in patients with BCs, individual categories that make up the composite overall direct costs were analyzed separately in Fig. 2 . This data demonstrates overall a wide range of service groups, including accommodations, diagnostics, laboratories, operation costs, and pharmacy services in BCs patients, drove higher costs. Cardiac diagnostic imaging, organ procurement, and miscellaneous costs were similar between the groups. The predominant costs differences included three service groups, accommodations (cost difference $9,539, 95 % CI $9,580-10,497, p < 0.001), surgical services (cost difference $3,988, 95 % CI $3,478-4,498, p<0.001), and pharmacy services (cost difference $8,445, 95 % CI $7,223-9,667, p<0.001). Projection Analysis
Cost analyses were based on the observed costs for the 1,160 patients that developed BCs. The incidence of BCs in this cohort of patients was 14.6 %. Using projection analyses and applying similar rates across the US LT population, we estimate that BCs following LT cost the US health care system $33.3 million annually, primarily driven by increased LOS leading to $8.7 million in hospital room costs, $3.6 million in additional operative costs, and $7.7 million in pharmacy costs.
Annually, BCs in US LT recipients accounted for over 7,641 additional hospital days, 3,406 of which are spent in the ICU, and approximately 21 additional in-hospital deaths per year. Strategies to prevent or reduce the incidence of BCs have the potential to substantially influence clinical and economic outcomes in LT. A 20 % reduction in the incidence of BCs across the USA would result in a savings of over $6.7 million in overall costs to the health system, a reduction of over 1,528 hospital days, and potentially prevent more than 4 in-hospital deaths per year. Fig. 1 Differences between the BCs and control cohort in the overall costs, observed direct costs, and expected direct costs. The bar graph to the left represents costs differences, comparing those that developed a biliary complication to those that did not. The higher number represents increased costs that were associated with biliary complications. For example, overall mean cost difference was $225,303-$189,091. The chart to the right represents the mean direct cost index, calculating using the observed-to-expected cost ratios for those with and without biliary complications. A direct cost index of 1.00 represents an expected direct cost. The direct cost index for patients with biliary complications was 1.13±0.41 vs. 1.02±0.53 for those without such complication (p<0.001)
Discussion
Liver transplantation is a technically challenging procedure fraught with potential complications. Risk factors for these complications are often not modifiable in the preoperative course. Despite refinements in surgical techniques, BCs continue to be a predominant cause of morbidity, graft loss, and mortality in LT recipients. 15 The results of this analysis demonstrate that, in the contemporary era of LT, BCs have a profound clinical and economic impact as evidenced by perioperative outcomes, including in-hospital mortality, and health care costs.
This analysis demonstrated that the hospital and ICU LOS, risk of developing in-hospital non-biliary complications, total transfusions, in-hospital mortality, and 30-day readmissions are all substantially higher in LT recipients developing BCs. Patients with BCs are also more likely to have ERCP, cholangiography, and PTC. Likewise, patients developing BCs had significantly increased overall in-hospital costs, driven by a wide range of individual service groups, including accommodations, diagnostics, laboratories, operation costs, and pharmacy services.
No previous studies have analyzed costs associated with BCs at a national or even multicenter level. A single-center study by Englesbe et al. from the University of Michigan Health System, which included 256 LT recipients, was the first to address the issue of costs associated with BCs. In this single-center study, the authors report that recipients that developed BCs had an average hospital cost of $214,968 vs. $149,897 for patients that did not develop BCs, a difference of $65,071 (p<0.001). Although the investigators make a strong financial case for transplant surgical quality improvement, 16 the single-center study did not find significant differences in known risk factors for BCs including DCD donors and preservation solution used. While the study reported significant differences in the number of hospital days during the first 6 months post-transplant, readmissions and clinic visits were not significantly affected by BCs.
An important finding of this study that BCs significantly influence patient survival is in contrast with other previous studies. These investigations did not find that BCs were significantly associated with decreased patient or graft survival. Qian et al. studied LT in 230 patients performed over a period of 11 years at Queen Mary Hospital in Hong Kong and demonstrated that BCs had no significant impact on patient survival. 6 Kling et al. evaluated 47 living related pediatric LT patients that developed BCs and reported that they were not associated with decreased patient survival. 17 A 348-patient study by Gunawansa et al. at the National Hospital of Sri Lanka reported BCs in 20 % of patients and demonstrated no significant associated mortality. 18 The analysis presented in this study indicates that patients that developed post-LT in-hospital BCs had a 29 % higher mortality index that translated into 21 more deaths per year. It is likely that the failure of previous analyses to demonstrate a higher mortality rate in LT recipients that develop BCs may be due to small sample sizes, low mortality rates, and a lack of statistical power. This analysis, although only able to assess in-hospital events, did capture a large US national cohort, and thus is powered to detect smaller clinical differences.
In addition to the risk factors discussed in the introduction, other studies have shown that preoperative serum bilirubin level, use of stent or T-tube splinting of the anastomosis, and living-donor liver grafts are independent risk factors for BCs. 6, 19 As many risk factors cannot be modified, methods to counteract these risk factors and improvements in surgical techniques are important to implement to minimize the occurrence of BCs. For instance, Qian et al. suggest that technical refinements in homeostasis and liberal infusion of fresh frozen plasma and platelets may reduce the complications associated with high serum bilirubin levels, while splinting of the choledochocholedochostomy by T-tube or the hepaticojejunostomy by an internal stent are unnecessary. 6 In a retrospective study of 1,843 patients at Universitätsmedizin Berlin, Germany, Heidenhain et al. observed that organs perfused with University of Wisconsin solution developed ischemic-type biliary lesions significantly more frequently than those perfused Fig. 2 Mean cost difference between cohorts (those that developed a perioperative biliary complication vs. those that did not). The mean cost difference is delineated based on categories, with a positive cost representing an increased cost associated with a biliary complication and a negative cost representing a lower cost associated with biliary complications. The error bars represent the 95 % confidence interval. Bars crossing the dotted line (0-axis) are statistically insignificant cost differences with Histidine-Tryptophan-Ketoglutarate. 20 A few studies suggest using back-table pressure perfusion of the hepatic artery for efficient perfusion of the biliary tract capillary system to significantly reduce the risk of BCs. 20, 21 Although a number of known risk factors are not modifiable, several are. For instance, in animal models of transplantation, minocycline, N-methyl-4-isoleucine cyclosporine, and heme oxygenase-1 overexpression have demonstrated the ability to mitigate storage and reperfusion injury, 22, 23 thus reducing the severity of ischemic-type BCs. In a previous trial, we demonstrated the safe use of highly steatotic donor livers by utilizing a detailed donor/recipient matching algorithm. 24 This algorithm performed risk factor matching, such that highly marginal organs were only utilized in lowrisk recipients. Such a strategy applied to BCs risk factors may potentially mitigate non-modifiable risk by reducing the incidence or severity of BCs as well. Several pharmacologic approaches are also being explored, including using betaand alpha-adrenergic blockers, glutathione, and others to effectively reduce steatosis, 25 which may further reduce BCs risk. New therapies that treat CMV infection, such as CMX001 26 could also prove to be beneficial. Thus, novel methods to ameliorate risk factors are under development and should provide more avenues to effectively reduce the incidence and impact of post-LT BCs.
There are a number of limitations to this study worthy of discussion. Firstly, due to the limitations associated with the type of data variables available within this analysis, we were unable to analyze known risk factors associated with BCs, including donor characteristics, donor risk index, organ features, ischemia times, and MELD scores. Although these limitations were inevitable, it should be noted that the primary aim of this study was not to analyze risk factors associated with BCs, which have been well described in previous studies, but to determine the clinical and economic outcomes associated with BCs, which the current literature is lacking. Additional limitations to this study include the fact that the analysis relied on ICD-9 code for billing data to determine outcomes and costs, and this may have underestimated the number of BCs. Additionally, this analysis only included clinical events that occurred within the initial index hospitalization. It should be noted that the UHC database includes only 70 of the 130 transplant centers that performed LTs during the study time period, although this does account for 63 % of the total LT performed within the USA in 2011 to 2012. The cost analysis may not be generalizable outside of the USA but is a reasonable reflection of current practices. Although BCs manifesting post-discharge are not captured in the present study, it is anticipated that it will likely increase the costs associated with BCs and reflects the importance of BC's on overall costs.
Interpretation
This cross-sectional analysis of a national well-representative cohort of LT recipients clearly demonstrates that post-LT BCs to be a clinically and financially significant complication, leading to a high rate of morbidity and mortality while dramatically increasing costs and resources. Effective interventions aimed at reducing BCs will likely have a significant impact on patient outcomes and health care expenditures following LT. As the US and world populations grow increasingly obese, end-stage liver disease necessitating LT is increasingly common. Continued broad implementation of LT is likely to be predicated on its efficacy and cost-effectiveness. Our study provides robust evidence to support the development of innovative interventions aimed at minimizing the incidence and severity of BCs and to optimize care.
